Impulsive momentum is imparted to residual tissue during pulsed-laser ablation because the mass ablated is generally ejected with a sizable velocity. Accurate measurements of the impulse are possible, which can provide an important monitor of the ablation procs. Simple models can be used to predict the impulse under a variety of conditions; in some cases, complex radiationhydrodynamic code calculations are required. In this paper, this modeling is discussed along with the dependence of momentum on the pulsed heating and target conditions. Momentum measurement techniques are discussed briefly. The behavior is explained in terms of dimensionless parameters and the impulse coupling coefficient as a function of incident fluence, which has a well defined threshold as well as a maximum. Complications in the mixed liquidvapor phase are also addressed.
. Illustration of many parameters, on which laser interaction depends.
Irradiation of tissue with a laser beam will result in significant tissue ablation (i.e., removal of tissue), if the intensity (i.e., energy flux, W/cm2) is sufficiently large for a sufficiently long time. As illustrated in Figs. 1 and 2 and discussed in detail in Refs. 1 and 2, the physical processes resulting from intense laser irradiation of tissue depend strongly on many parameters associated with the laser beam, the (transparent) laser-transport medium, and the laser-absorbing tissue. In any explanation of the process, it is important to first defme which particular regime of behavior is involved; Fig. 2 offers a guide for categorizing the different regimes. The relative terms, such as low, medium and high fluxes, used in Fig. 2 are explained in Refs. 1 and 2 and depend on material and laser beam properties so that specific values for the boundaries of the regimes can only be defmed after specification of many of the irradiation conditions.
All processes relating to the regimes identified in Fig. 2 involve ablation and therefore involve the generation of momentum, which is the subject of this paper. mind, the emphasis in this paper is toward the regime in Fig. 2 for a gas transport medium at lower flux for cases where the gas remains transparent to the laser. As indicated in Fig. 2 , this regime is similar to that for a vacuum transport medium at low, medium or high flux; thus, for simplicity, this case will be discussed in depth. For the sake of discussion, it will be assumed that the ablation process is driven by thermal expansion or thermal decomposition; photochemical decomposition is another potential option but will not be discussed explicitly.
Although important to biomedical applications, liule discussion in this paper will be given to the regime involving a liquid or solid transport medium. This regime involves much more complicated processes associated with contained vaporization3 where relatively long term restraint of material expansion impede application of the powerful conservation of momentum law. coupling coefficient, which is the ratio of momentum imparted to energy incident on the surface.
BASIC MOMENTUM GENERATION PROCESS
During the ablation of tissue by pulsed-laser heating (or photochemical decomposition), the mass ejected imparts a momentum to the tissue. The momentum imparted by the photons is negligible, so that for conditions in which no mass is ejected (i.e., no ablation), there is essentially no momentum imparted to the tissue. The powerful conservation of momentum law, which specifies that an action causes an equal and opposite reaction, indicates that, when the ejected mass completely separates from the remaining tissue, the momentum of the remaining tissue is equal to the momentum of the ejecta. The momentum, or impulse, of the ejecta is equal to the sum of the masses of the particles ejected times their respective velocities. Assuming uniform ablation over an area A, it is convenient to divide the momentum by A to give the specific impulse I. Then the integral of pressure over time applied to the tissue in the ablation region is equal to I. The CGS unit for I is referred to as a tap (1 tap = 1 (g/cm2)(cm/s) = 1 d.s/cm2). The SI unit is a Pa•s (1 Pa•s = 1 (kg/m2)(m/s) = 10 taps).
There are various other sources of pulsed heating besides lasers that can cause material ablation; some of these might have merit for biomedical applications. These potential pulsed sources include: electron beams, ion beams, microwaves, and x-rays. The merits of these alternative sources will not be considered in this paper, but much of the modeling discussion presented here is applicable to these 
IMPULSE COUPLING COEFFICIENT
It is convenient to defme an impulse coupling coefficient as the momentum imparted per unit of irradiation energy incident on the target. Unfortunately, it is common to use the hybrid unit (mix of CGS and MKS units) of d•s/J for the coupling coefficient, although the SI unit of N•s/J is also used (1 d.s/J = iO-5 N's/J). In reference to specific impulse per unit incident fluence, the coupling coefficient is obtained by dividing both the numerator and denominator by the area with units of tap/(J/cm2) or Pa.s/(J/m2). Additionally, dividing (actually differentiating) the numerator and denominator by time gives a coupling coefficient in terms of pressure per unit incident flux with units of (d/cm2)/(W/cm2) or Pa/(W/m2). The coupling coefficient is useful as a utility factor and also for illustrating the physics. For typical ablation conditions, as shown below, the coupling coefficient wifi frequently be within the range of 1 to 10 d•sIJ for metal targets but it could be as high as 100 d•s/J for tissue (see Fig. 11 The momentum generation process is driven, first by energy, which provides the heat causing thennal expansion or thermal decomposition (vaporization)--either of which can cause mass to be ejected.
Various types of heating processes are indicated in Fig. 5 . For semi-transparent tissue, the energy deposition decreases exponentially in the tissue; this case is discussed in detail in this paper.
Under certain conditions, such as when the energy density in the tissue reaches a certain level, the first part of the laser beam can cause the tissue to be come transparent; this can produce a constant energy deposition into a depth, called the bleaching front, after which the energy density falls off exponentially.
Target material (in a vacuum) that is opaque will begin to vaporize at a time when the balance between absorbed laser flux and thermal diffusion flux raise the surface to the vaporization temperature. After vaporization begins, if the laser flux is sufficiently large, a plasma will be ignited. This plasma can be opaque to the laser beam and absorb essentially all of the rest of the laser pulse; ablation can be sustained by plasma radiation, leading to quasi-steady ablation during the rest of the pulse. When the laser pulselength is short compared to the time for blowoff material to traverse the diameter of the laser beam, relatively simple one-dimensional (1D) modeling, as discussed below, can be used4'5. For longer pulselengths, the process is two dimensional (2D) and quantitative analysis requires complicated radiation-hydrodynamic calculations6'7, although simple modeling also provides some degree of Figure 5 . Types of energy drive. Figure 6 . Types of momentum drive.
success for this case8. The energy deposition for ion beams is quite different than for lasers; it is generally, nearly constant until near the end of the range, at which the deposition rises to the so called Bragg peak.
For a gas transport medium, if the laser flux is sufficiently large (but not too large so as to not be able to propagate to the target), a plasma will be ignited early in the pulse near an opaque target surface (or at imperfections or impurities on the surface of a transparent target), and the rest of the laser pulse will be absorbed at a front that propagates away from the target in the gas (called laser supported combustion, LSC, or laser supported detonation, LSD, waves)9.
At lower flux (and/or shorter wavelength, and/or lower gas pressure),a plasma will not be ignited but target ablation can stifi occur; the ablated target material will sweep up gas as it is ejected, which can substantially increase the momentum10.
Although the special features associated with each of the above processes must be carefully considered, simple modeling including these features is reasonably successful for each of them.
One more type is included in Fig. 5 , namely, tamping, for which vapors generated by the pulsed heating are contained by surrounding liquid or solid. As indicated above and discussed in Ref. 3, this is a more complicated process, for which the modeling will not be discussed in this paper. Figure 6 lists various types of mass ejection processes, which basically drive the generation of the momentum after the heating.
TYPES OF MOMENTUM DRIVE
Perhaps the simplest process is the free expansion into a vacuum of vapor created by laser deposition, in excess of the complete vaporization energy, for a short pulse incident on a semi-transparent material.
Some situations involve vapor expansion, where liquid droplets are mixed with the vapor or where the vapor is pushing against a liquid; this adds a major complication which is discussed further below.
Expansion of a heated region of gas into surrounding colder gas occurs for LSC and LSD waves9. Target ablation vapors (and droplets) expanding into a transport medium that consists of a transparent gas involve the drag of the gas by the ablated material10.
Vapors created behind a tamper, which breaks free, can result in a momentum one or two orders of magnitude larger than for the untamped case because of the large increase in ejected mass3.
For ablation involving vaporization from a liquid pool (either the target might have been a liquid initially or it might have been a solid and the liquid was formed by energy deposition from the laser or from thermal diffusion), the vapor back pressure can cause liquid ejection by extrusion. This extruded mass can be ejected with a very small relative velocity and can be ejected at a grazing angle to the surface; if so, it wifi impart little momentum to the surface. This can be a serious complication when trying to associate measurements of target mass loss with the ablation mass to be used in momentum calculations1 1• For sufficiently short heating pulselengths, liquid or solid target material can be ablated by front surface spallation12' 13, 14; the threshold for this spallation process is at temperatures below the vaporization threshold, but even with vaporization, the process can enhance the removal of material behind the vaporized region.
SIMPLE MODELING
The impulse induced by laser deposition can be predicted with reasonable accuracy using simple modeling based upon the energy density in the blowoff as illustrated in Fig. 7 . In the discussion of this model, the heating is assumed to be at a surface where the ablated tissue can escape freely. For simplicity, the presence of gas in front of the irradiated tissue surface will be ignored; however, in some cases, the mass of the gas swept up by the ablated target material can be large compared to the ablated mass, in which case, the impulse wifi be significantly larger than predicted by the model presented here.
Suppose that, for a laser fluence F0 incident on the tissue, a total mass M0 is ejected with a kinetic energy K from a region of the tissuing having area A. Then k = K/A and m0 = M(/A are the kinetic energy per unit area and mass per unit area of the ejected material. An upper limit for the momentum per unit area (call it 'ul for impulse upper limit) imparted to the tissue can be calculated by assuming that all of the mass is ejected with the same velocity v along a direction normal to the surface. Then k = 112 m0 v2 or v = (2 k /m)1', and I = m0v = (2mk)la. Suppose that an energy density (energy per unit mass), E0, must be invested in internal energy in order to cause ejection and that this energy will not be available for kinetic energy. Then the kinetic energy becomes k = czF0 --m0E0, where a is the laser absorptivity (one minus the reflectivity; the fraction of F0 that is absorbed by the tissue), 3 is the portion of the absorbed fluence that remains in the residual tissue after ejection. Thus, the impulse can be written as
Let E equal the average energy density (energy per unit mass) that was deposited by the laser in the material that is blowing off, then E = (aF0 -f3)/m0. Then I can be written as 'ul (2(E E0))laI.
If instead of being ejected normal to the surface, the blowoff was ejected is otropicly into the 2ir solid angle away from the plane of the tissue surface, then the total momentum imparted normal to the surface would be reduced by a factor of 2 (because of the cosO projection along the vector normal to the surface). The actual angular distribution will vary between normal and isotropic so that it is appropriate to multiply I by a geometric factor G, where 1f2 < G < 1 to account for this uncertainty. Experiments tend to indicate that G is probably closer to 1 than to 1t2. Also, if, instead of assuming that E is constant throughout the blowoff material, we assume that E is equal to the actual energy deposited by the laser, which depends on the mass depth , m = px, where p is the tissue density and x is the distance into the material, then we must integrate over values of E so that I becomes I=Gf tmO(2(EE))1/2d
It should be noted that E -E0 is the translational kinetic energy of the ejected mass after it has become totally separated from the residual target. During the expansion process, while the mass is stifi communicating with the residual target, perhaps through multiple collisions, the energy density can be redistributed, so that E is not necessarily the same as the energy deposited by the laser. Also, E0 is the SPIE Vol. 1 882 Laser-Tissue Interaction IV (1 993) 1 403 aF0-JaFIu.ncssbsorbsdInm
"final state" internal energy density, that is, the internal energy density that existed at the time that the mass stopped communicating back with the residual target; E0 is not necessarily the same for all of the mass ejected, but in the modeling in this paper, E0 is assumed to be constant.
It is significant to note that the impulse I is proportional to (m,k)1' and that an upper limit is known for k, namely F0. The mass m is generally much harder to estimate than k; so that the major uncertainty in predicting I is enera11y in knowin2 the mass ejected rather than in knowing the kinetic energy in the mass ejected. Also, the impulse is insensitive to the distribution of the kinetic energy within the mass ejected; for example, if 99% of the kinetic energy is contained by only 1 % of the mass ejected, then the momentum is still 20% of the upper limit value (the upper limit corresponds to 99% of the kinetic energy being contained within 99% of the mass ejected, i.e., uniform energy density).
EXPONENTIAL ENERGY DEPOSITION
Figure 8. Exponential energy density profile. Figure 9 . Upper limit and integral impulse models for exponential heating. Figure 8 gives equations needed in the model for exponential energy deposition. Figure 9 gives analytic solutions for the impulse for exponential energy deposition, respectively using the upper limit model (Eq. 1) and the integral model (Eq. 2). Let x be the linear absorption coefficient for the laser beam, x be the distance into the tissue from the front surface, p be the density of the tissue, i. = ic/p be the mass absorption coefficient, m = px be the mass distance into the material. Then the fluence F at depth x (or m) in the tissue is F = aF0 exp(-kx) = aF0 exp(-p.m) and the energy density E absorbed at depth x (or m) in the tissue is
If we assume that all mass is ejected that has an energy density E greater than E0 , then
where R E .taF0 /E0 = aF0 I (Ep.).
Note that paF0 is the deposited energy density at the front surface of the tissue, so that R is the ratio of the front surface dose to the critical energy density; or, noting that E04i. is the blowoff-threshold fluence, R is the ratio of the fluence transmitted through the front surface to the blowoff-threshold fluence. Putting Eqs. 3 and 4 into Eq. 2, integrating and dividing through by F0 to give the impulse coupling coefficient gives
It can be shown that the maximum of Eq. 5 occurs for R = 6.4 and that the value of Eq. 5 at R = 6.4 is o)m = 0.51 aG/(E0)1.
Integral Model
Following this same approach for the upper limit model, f3 = aF0exp(-tm0) is the fluence at depth m0; using this and Eq. 4 with Eq. 1 gives VFo=a((2/Eo)(RlInR)lnR)la/R Upper Limit Model
It can be shown that the maximum of Eq. 7 occurs for R =6.9 and that the value of Eq. 7 at R = 6.9 is
Om = O•57
Upper Limit Model
Comparing Eqs. 6 and 8 shows that °max differs by only about 10% between the integral model and the upper limit model. Also, the maximum occurs at about the same value of R.
For long pulselengths, the only mechanism (neglecting photochemical decomposition) for mass ejection is vaporization by thermal decomposition. In this case, the critical energy E0 is equal to the (complete) vaporization energy. For sufficiently short pulselengths, ablation can occur by front surface spallation at a much lower threshold energy12'13; for solid targets, the critical energy E0is sometimes near the melt energy because the spall strength decreases to near zero at melt. Thus, the threshold is much lower for short pulselengths because the vaporization energy is typically about 5to 10 times larger than the melt energy. At intermediate pulse lengths, the process is more complicated as discussed below. In Fig. 10 , Eq. 5 divided by Eq. 6 is plotted versus R and Eq. 7 divided by Eq. 8 is plotter versus R. Figure 10 shows that the shape of the dimensionless curves are similar for integral and upper limit models, which (combined with the 10% difference in I/Fom ) us the insensitivity of impulse to energy distribution in the blowoff mass. Figure 10 also ifiustrates the impulse threshold, which depends on material properties and pulselength, the maximum in the coupling coefficient and the fall off in coupling at high fluence, where the impulse becomes independent of the critical energy density. Figure 1 1 gives values for the maximum coupling for the integral model from Eq. 6for various values of a and E0. As shown in Fig. 1 1 , the maximum coupling generally ranges from about 1 to 100 d•s/J, depending on the target material and the laser pulselength and wavelength. Perhaps it should be emphasised that although the impulse coupling (which is the efficiency with which deposited energy generates momentum) referred to in Figs. 10 and 1 1 has a maximum value at some fluence, the impulse always increases as the fluences increases, when above the threshold. When the laser pulselength, tL, S short compared to l/(icc), the time for a sound wave to traverse one laser absorption depth (1/ic), then thermal expansion can not occur during the heating, front surface spallation becomes possible, and E0 becomes approximately the melt energy AIIm or smallerlZl3.
When the laser pulselength is long compared to l/(icc) and the laser flux is sufficiently small, but large enough to cause vaporization, then vaporization will begin during the laser pulse and likely at the front surface where the temperature generally will be the largest (suppose that the vapors are transparent to the laser beam). The cooling associated with vaporization will clamp the surface at the vaporization temperature. If the laser flux is small enough, energy transport by thermal diffusion will prevent any significant temperature rise in depth above the front surface temperature. Also, due to the slow process, any vaporization at nucleation sites in the liquifled layer (most materials don't sublime under these conditions) should be able to migrate to the surface as the bubbles grow rather than explosively erupting. In this case, E0 should be equal to the complete vaporization energy, iHv. However, at larger laser fluxes, for materials with a significant absorption depth, the material behind the surface can become super heated, which can lead to explosive eruptions, referred to as the E0 would be expected to be approximately equal to the incipient vaporization energy, AHj.
The typical enthalpy curve in Fig. 13 conceptually illustrates why this mixed phase complication is so significant. The enthalpy plot gives the amount of energy (per unit mass) required to change the temperature at a given pressure. This figure is based on constant specific heat and shows the step in enthalpy at the liquid-vapor phase change (assuming a liquid for the initial condition; there is also a step for the solid-liquid phase change but the step is generally much smaller). The incipient vaporization energy, is the energy required to heat the material from ambient temperature to the vaporization temperature, Tv, but to leave it in the condensed phase (most materials are liquids at this temperature at low pressures). The heat of vaporization, Hv, iS the energy required to take it from the condensed phase (liquid) to the vapor phase (i.e., to break the molecular or atomic bonds), while holding the temperature constant. The complete vaporization energy is the sum, Mliv + AHv. Au üflpOflflt )Oint 15 that the complete vaporization energy is typically about 5 times the incipient vaporization energy All iv• Also, if the material remains in thermaodynamic equilibrium, then as energy is added (at constant pressure) between SHiv and AHcv, more and more material is vaporized (the vapor fraction is (MMhiv)/(M1v) but the temperature remains at the vaporization temperature, Tv, until all the material is vaporized at cv Figure 14 addresses the complications originating from mixed phase blowoff, which occur at relatively long pulselengths and sufficiently large fluxes. In the top part of Fig. 14 , laser deposited energy density is plotted versus depth in the material, with the enthalpy curve superimposed in front. Below that, the temperature is plotted versus depth, assuming that enough expansion has occurred slowly to let the pressure relax. This illustrates that, assuming thermodynamic equilibrium, all of the material with E between AHiv and Hcv will be at temperature Tv, but the front portion of this region will be completely vapor and the back portion will be completely liquid. if the laser energy was deposited in a short time compared to that for significant vapor expansion to occur (but possibly long compared to 1/icc), then as the material vaporizes and expands in this mixed phase region, the vapor will likely drag off most of the liquid in this region; but just exactly how much liquid is drug off and how much momentum it carries is difficult to estimate. Also, the assumption of thermodynamic equilibrium will at least sometimes be invalid. For longer pulse lengths, as described above, vaporization at the eroding surface can, in some cases, keep up with the laser flux, but superheating can occur in depth, followed by eventual nucleation and explosive eruption. 
1D PLASMA ENERGY BALANCE MODEL
A model5 that is rather different from the exponential energy deposition models, but based upon essentially the same principals, is illustrated in Fig. 15 . This 1D Plasma Energy Balance (PEB) model is for an opaque target in a vacuum. Early in the pulse, the target begins to vaporize and a plasma is ignited that becomes nearly opaque to the laser. This plasma radiates energy in all directions, some of which reaches the target to sustain ablation. As indicated in Fig. 15 , the model, which allows plasma expansion in only one dimension (1D), is based upon an overall energy balance and also an energy balance at the ablation surface. Then by assuming a constant ablation rate throughout the pulse and constant temperature for the plasma, all physical variables for the process can be solved for, including: the ablation mass and velocity and thus momentum; the plasma density, temperature and pressure; the radiation from the plasma; and the attenuation of the laser beam and of the radiation from the plasma. Generally, the reflectivity of the target is not known under the conditions of interest for this model. In comparing predictions from this model with impulse data (see below), the reflectivity has been taken as a free parameter to fit the data there are no other free parameters in the model. Figure 16 illustrates various impulse diagnostic techniques with which accurate measurements are possible. The duration of the pressure pulse associated with laser ablation is generally about one to two times the laser pulselength, so that combining the momentum measurement with the ablation area and the pulselength allows an estimate of the average pressure applied during the ablation. Conversely, pressure diagnostics can also be used to measure the pressure and the area under the pressure versus time curve can be integrated to deduce the momentum; generally, this is not nearly as accurate as measurement with a momentum gauge. Because momentum closely correlates with the mass ablated, momentum measurements can be a valuable diagnostic for biological research as well as for a monitor for clinical applications. Also, as the impulse increases, the potential for damaging side effects to tissue increases, so that it might be important to limit impulse to tolerable levels during clinical applications. Because the momentum is an integral of the entire ablation process, it is generally not a sensitive test of detailed laser-tissue interaction modeling. Figure 18 gives data taken during Long-Pulse Series I experiments at the Chroma laser at KMS Fusion in Ann Arbor, Michigan1 1• The trend is similar as for Sprite except that a reflectivity of 0.9 was required to fit the data the reflectivity principally affects the fluence at which the impulse threshold occurs. Again, as expected, the 1D PEB model does not fit the data in the 2D regime.
IMPULSE MEASUREMENTS
12. SUMMARY
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. Figure 19 . Summary.
Summarizing (see Fig. 19 ), accurate momentum measurements are possible and should have value for both research and clinical applications. Impulse is an important diagnostic that could be used to monitor integral behavior in clinical applications. Impulse is usually closely correlated with ablation mass except for mass extruded from the target by vapor back pressure, which may be ejected at very low velocity and at grazing angles. Damaging side effects should increase with impulse so limiting impulse to tolerable levels may be advantageous. Impulse is a measure of the integrated ablation process and is not a sensitive test of detailed modeling. However, it can be an important complement to other detailed diagnostics. Simple models are frequently adequate to predict impulse with sufficient accuracy but in some regimes complex radiation-hydrodynamic code calculations are required. 
